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ABSTRACT

The properties of oxi de layers on smooth and rough aluminum

surfaces are considered in this study. Using ellipsometric techniques,

the layer thickness and the four parameters describing the complex in-

dices of refraction for film and substrate are assigned effective

values and interrelations are deduced. The organizing feature of the

work is the use of data trajectories generated by determining the

p ellipsometric parameters ~ and ~ over and over for samples that were

heated between measurements . The heating caused increases in the oxide

layer thickness , so that the data trajectories could be used along s ide

p theoretical thickness curves to determine appropriate effective media

parameters. One of the more interesting results was the representation

of roll ing grain marks on álcl ad by an effective complex index of

p refraction. The effective index determined was dependent on the sample

orientation.
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SECTION I

INTRODUCTION

When aluminum is exposed to air ,. oxidation occurs almost

instantly. Thin fi lms of alumi num oxide form on all surfaces of alu-

minum. When heated, the thickness of the oxide films increases .

Ellipsometry is a well established method of measuring properties

of thin films on optically flat surfaces. The use of &1lipsometry for

rougher surfaces is unusual and there is no established method for

• 
determining the relevant optical properties of the film and substrate .

These properties must be known in order to determine the film thickness.

A new method for determining these properties is the use of a data

trajectory found by repeatedly heating and then measuring the values of

~ and A for a given sample. The thickness (and roughness) of an oxide

film will grow with heat and a series of data points is generated ,

characteri zed by increasing (unknown) thickness. This method was first

used by Cap. M. Lydon[1] at Texas Tech University in 1975. This trajec-

tory can be used to relate the growth of the oxide film to the complex

refractive indices of film and substrate:

fl f 
= fl f(l + iK f ) and = n5(l + j K 5 )

-; This relati onship is very complicated and requires the use of a

computer for the calculations .

The study of opticall y flat aluminum surfaces was undertaken in

this work , using data trajectories as described above. In order 
to1
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interpret the data , a policy of using the data trajectories to def ine

functional relationships between media parameters has -been developed.

It was found that the oxide roughness on nearly Ideal aluminum sur-

faces can be modelled by taking the film extinction coefficient to

be a function of film thickness , t: -

Kf = (O.O1 )~~
.

and by imposing a relation between the real and imaginary parts of the

aluminum substrate index:

K5 = 7.l75 —
~~

.n5

This relation also interpolates all wi dely scattered values for the

index of aluminum found in the li terature. The ac tual thickness of the
P 

oxide film is the key to picking the correct val ues of n5 and K
~
. As

the data collected in this-study was compared with work by others, a

reasonable choice for the aluminum refractive index was selected:
P

= 1.08(1 + j5.555)

App lication of the trajectory idea to the rougher surface of
P

alciad aluminum indicated that rough surfaces could also be modelled by

variation of index parameters . It was found that substrate surface

roughness cdul d be modelled by increasing the value of n5 and requiring

to be a function of n5: .

K5 
= 9.75 — 4.77n5 + O. 5O5n~

- - -

~

--

~

..-

~

- - .—  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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p Also , the effec ti ve value for Kf was found to be a function of both t

and n5 when the substrate surface is rough:

Kf = (O.Ol )~~- n
P S

The ideas employed in the present work, using data trajectories

to determine effective parameter relationships , show great promise for

P work wi th thin fi lms on both smooth and slightly rough surfaces . For

example, it was possible to associate the present roughness criterion
to the orientation of rolling grain marks on the alclad samples. This

P interesting check is described in Section VI.

In Section II the reflection coefficients and their relation to

the film and substrate parameters flf~ Kf) n5, K5 and t are deri ved.

These are then related to the parameters ~, and A . The mechan ics of

the actual ellipsometric measurement of the val ues of 4~ and A are

discussed in Section III. In Sec tion IV an analys is of errors in the
P elhipsometric measurements and a sensitivity study for the various

parameters are given. The study of optically flat alumi num surfaces

is descr ibed in Section V. Finally, the study of the oxide layers on

alciad alloy is described in Section VI.

P

P
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SECTION II
THEORETICAL BASIS OF ELLIPSOMETRY

Ellipsometry is a method of measuring the changes in light as it

is reflected by a surface in order to determine the physical properties

of that surface . To understand what changes as light reflects from a
surface and how this is related to that surface, it is necessary to

study some of the basic properties of light. This chapter gives a

brief description of the laws governing the reflection and refraction

of light.

In ellipsometry the li ght used is a plane wave of monochromatic

light. The surface on which measurements are made must be smooth and

flat with respect to the wavelength of light. It must be remembered

that measurements are made wi th light at only one wavelength and the

index of refraction can be different at other wavelen gths.

Light is part of the electromagnetic spectrum and is governed by

Maxwel l’s Equations wh ich descr ibe the elec tromagneti c field. These

equations relate the elec tri c vector, ~,the magnetic induction , ~ , the

electric di sp lacement, l~, the magnetic vector , fl, and the electri c cur-
rent density, 3. Maxwell’s Equations are :

v x f l - ~~~= 3  (2.1)

r7 ~~~~~~- 
a

= p (2.3)

= 0 . (2.4)

~4
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These f i ve bas i c quantiti es are further rela ted by

-p 
~~~

j  = at (2.5)

(2.6)

(2.7)

Here a is called the conductivi ty, c is known as the permi ttivi ty, and

~i is called the permeability. These three terms describe the proper-

tIes of the media in which the electri c field is propagating . When

P a = 0 the media is non-conducting and the electric conduction current

density, 3, van i shes . The elec tromagnetic components are not damped as

the wave propagates through the media and the material appears trans—

parent. The properties of light are easier to describe for nonabsorb-

ing (non-conducting) media than for a conducting material . The laws of

reflection and refraction will first be described for surfaces wi th

a = O .

For a medi um that is homogeneous and conta ins no charges or

currents , 3 = 0 and a = 0, Maxwell ’s Equations can be used to deri ve

two wave equations :

V2 t c ~~~~~~~~0 (2.8)

and

2~~
(2.9)

When the field is monochromatic wi th angular frequency w, the time

ii
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deri vative = - iw for ~ and ii of the form ~ = Eoe
_1Wt

. The

solutions for the above wave equations are

= Eoe~~~ 
- wt) (2.10)

and

= Hoe
1
~~ 

- wt) (2.11)

where the propagation is in the £‘ direction and k = v~j w .

When light falls upon a boundary between two media and is

transmitted into the second medi a, the wave front is continuous , al-

though it has a kink at the boundary as shown in Fig. (2.1). The wave

appears to be bent at the boundary . The velocity of propagation of the

wave changes at the boundary and the amount of refraction or bend is

related to the change in vel ocity. The ratio of the fi rst velocity to

the second is called the refractive index for refraction from the first

medi a to the second. -

n12 = 
~~
-

~
- (2.12)

An “absol ute refractive index ” can also be found, it is the ratio of

the veloci ty of li ght in a vacuum to the velocity in the media ,

n = ~~- . (2.13)

P
If the absolute refractive indices of two media , n1 and n2 are known ,

then the refraction from the first media to the second can be found,

p n12 = !1L = !.i . (2.14)n3 v2

p
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£

•

Fig. 2.1 The Bending of Light at the
Interface of Two Media

P
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The refracti ve index or the index of refrac tion, as it i s often called ,

is defined to be

(2.15)

where c0 and Po are vacuum permi ttivity and permeabili ty.

Th,e laws of reflec tion and refraction can be der i ved from Maxwel l’ s
Equations , but they were discovered experimentally long before Maxwell’ s

time. The incident beam is assumed to be a plane wave, the wavefronts

being normal to the incident ray. The reflected and refracted rays lie

P in the plane formed by the incident ray and the normal to the surface at

the point of incidence. This plane is shown in Fig. (2.2). The angle

of incidence (o s ), the angle of reflection (O r)~ and the angle of re-
P fraction (er) are measured between the normal to the surface and the

appropriate ray. For reflection:

p 
81 0r (2.16)

For refrac tion:

fl i s in8~ = fl 2 sin0~ . (2.17)

This is often called Snell’s law.

To fully describe reflected and refracted waves it is necessary to

• know more than the angle of propagation . The ampl itude of these waves

must also be found. Expressions describing the amplitudes of the re-

flected and refracted waves are found by imposing the boundary condi-

tions. These conditions demand that the tangential components of ~ and

I 

- - -- -- - -~ ------ - ~~~~~~~--,--— — -—- -- ----------------- 
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- must be continuous across the boundary.

For convenience in discussing the boundary conditions , the electric

and magnetic fiel ds will be described in terms of ampl itudes ~(t) and

• 
i~(t), obtained by extracting the propagation factor exp(ikz ’):

(2.18)

where z ’ measures di stance in the direct ion of propaga tion. As shown in

Fig. (2.2), the incident plane wave propagates in the direction of the
p

unit vector ~~~~ The unit vectors ~(T) and ~~t) represent the di rec-

tion of propagation of the reflected wave and the transmitted wave,

respectively.

The tangential field components can be described in terms of the

coordinate system shown in Fig. (2.2). The z axis is normal to the

boundary, the x axis is on the boundary and in the plane of incidence ,

and the y axis is on the boundary but normal to the plane of incidence .

In order for the tangential components of ~ and i~ to be continuous , the

following conditions must be satisfied:
p

E (1) 
+ E (r) 

= E (t)
x x x

E + E (r) 
= ~ 

(t)
• y y y

• (2.19)
H + H (r)

x x x

~ 
(i) 

+ ~ 
(r) H (t)y y y

~

- - ---- - ~~~~~- - - - - - - ~~~~~~~~~ - - — -
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• For the purposes of ellipsometry, the components shown above are

conveniently replaced by related components , which will now be intro-

duced. The y-components, perpendicular to the plane of incidence , will

• be called the s-components , a trivial change of name. The remaining

components of the ampl i tudes of the three beams, however , will be

described in terms of three unit vectors where a represents i , r

or t:

~(i) E y X ~ ~ 
2(i)

• ~(r) 
; ~ ~ ~

(r) (2.20)

• 
~(t) ; ~ ~

(t) 
~ ~

p A Awhere s y.

Using these unit vectors, the electric field ampl itudes of the

three beams can be wri tten:
p

= A5s + A~p(1) •

~(r) = R5s + R~P(r) (2.21)

= T5s + T~p
(t)

Now, in the x, y, z coordinate system the components of the three
• 

A 
A ( )di rections of propagation £ and the three related vectors ~ are :

sine~ -cose
~

p ~(i) , ~(i)= ~
—cosO1 -sine.

x ,y,z ‘-I

p

- 
—

~~~~~~~
--• -— - -
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• sine s cose1
~(r) 

= 0 ~(r) 
= 0 (2.22)

cose. _sin6~1 x , y z  x ,y,z
p

sinet —cose~

0 ~(t) 0

p -COSO~ —sinO
~x ,y,z x ,y,z

Substituting Eqs. (2.22) into Eqs. (2.21), one obtains:

-A~cos O1
= A

~ 
=

—A sinO .~ E
p x,y,z

R
~
cose

~ - 
E~

(r)

= R = E (r) (2.23)

-R sinG 1 E (r)
x,y,z

_T
pcoSet E~

(t)

= T5 
= E~

( t)

_T
~
sine t x,y,z 

E~
(t)

The magnetic fields ~ ( i )
, ~(r) , and ~~t) may be obta ined from the

relation: -~(a) ~ /E’~ (a) ~ ~(ct) (2.24) 
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• where a represents i, r, or t. Using Eqs. (2.22) and (2.23) in

Eq. (2.24) one obtains:

A5cosO . HX
(
~~p 

~(i) = ~~ A~ = H~
(1)

A5sine 1 x,y,z 
H
~ 

1

—R 5cos O . H~
(r)

~(r) = R~, = H~
(r) 

(2.25)

R5sinO 1 x,y,z

T5cos O
~

~(t) = ~/~1 1 = H~
(t)

T
~
sinO t H~

(t)
x ,y , z

The representations in Eqs. (2.23) and (2.25) may now be substi-

tuted into boundary condi tions , Eq. (2.19) to obtain:

[_A ~ + R~Jcose1 = _T
~

cos O
~

(2.26)
— R5]cose1 

= n2TScosot
p

ni [A~ + R~] = n2T~

where the approximations

p
V1~~~~ U2~~~~ Po •

P 

- -—.-. - - - - - - •~~~~ - - — -
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p have been made , so that

(2.27)

From these Eqs. (2-27), it can be observed that the parallel and

perpendicular components of the lightwaves are independent of each

other. These four equations can be solved for the ampl i tude of the
P

reflected and transmi tted waves independently as a function of the

incident wave amplitude for both the parallel and perpendicular cases:

I 21n 1 cos 0.
p 

~~~~~~~~~~~~~~~~~~~~~ 

1
p - A~ n2 cos + n1 cos

2 n1 cos 0.

• 
5 

— 

n1 cos O.~ + n2 cos
(2.28)

— ~~ fl2 COS O~ — n 1 cos
A~ 

= 

~~2 C05 0
~ 

+ fl~ COS

— 

R5 n1 cos O~ - n2 cos
rs

_ A _
n cos e ÷ n c o s o

The above equations are called the Fresnel Equations and the quantities
p

~~ r5, t~, and t~ are called Fresnel reflection coefficients and

Fresnel transmi ss ion coeffic ients.

When the conductivity a is not zero these equations are changed

slightly. The wave equation is changed to

(2.29)
p

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- - - - - -
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P The plane wave solution is -

= to ~~~ 
z’ - 

~t) (2.30)

• where

(2.31 )

P All of the previous equations are the same for a conducting

medium if the diel ectric Constant c is replaced by a complex term

(2.32)p

In addi tion , the phase velocity , ;, and the index of refraction , n ,

a lso become complex :
p

v (2. 33)
k v ~~

and
p

~~~~~

. = ____ = J ~~ (1 + i-~
i
~ . (2.34)V ~i0 C 0 Po Eo LW

• 
The compl ex index of refraction can be divided into a real and

imaginary part,

- ii n(l + 1K) (2.35)
p

here K refered to as the exti nction coefficient [2], [3]. The two

real quantities , n and K , defined in Eq. (2. 35) can be rela ted to the
media parameters by equating expressions for j j 2 obtained from

p 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

• - - — —-- - --- 
•

-.————.•—•---—~—-~.—‘- -•_. --——•--•— 
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— Eq. (2.34) and Eq. (2.35):

= —-
~~~~~~ 

(1 +
lioCo LW

P
= n2(l - K2 + 21K)

Comparing real and imaginary parts, one finds

P
n2(l — K 2) =

Po Lo

and (2. 36)

2 K -  au _ _ _n 2L0u0w 2W

Solving Eqs. (2.36) for n and K , one finds :
p 

_ _

K = ( 0 )2 - II ‘~~~

(2. 37)

P n = c / j j~~c~ c v ~i~ , 
-

2wK

where the approximate forms are useful when K<<l ; i.e., when (cs/cw)<<l.

• Using the notation introduced above , the complex propagation con-

stant ir’ Eq. (2.30) can be expressed in the form:

k = -
~~
- = -~-ii -~-n (l + iK) . (2.38)

Thus , the plane wave solution of Eq. (2.30) can be written :

- ~nKz i(~ nz - wt)
e c e c . (2.39)

0

P 

- ~~~--~~~~~~~~—-~~~~~~~~ -~~ — _ _ _ _  _ _  - -- - - —  -~~~~~~~~~~~~ —~~~~~ —- — -- - 4
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-~ z
p The first exponential term in this expression is of the form e where

the power damping constant is given by

a~~~~nK~~~~nK , (2.40)
P C

with A0 being the vacuum wavelength of the l~ght. For metals wi th

large conducti vi ty, K is large , so that the field is damped so strongly

P that it can penetrate only a fraction of a wavelength into the

material.

it shoul d be mentioned that the expression for K given in

P Eq. (2.37) has a severe defect in that the derivation has presumed that

(ctfcw) ~ 0. If one defines this ration to be A:

,

then , according to Eq. (2.37),

K = “~ 
+ - 1

• 1

so that

O~~~K~~ l for all y~ 
0 . (2.41)

Nevertheless , many metals which are good conductors must be described

by values of K that are considerably larger than one, say K

approximately three or five. This point is discussed at some length

in Born and Wolf[4). It is actually necessary to consider c to

be negati ve. Thi s unpleasant feature ar ises because the media

• parameters actually depend on frequency. In other words, Maxwel l’s

P 
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P Equations are not truly linear in the fields so that the Fourier

decomposition shown in Eq. (2.30) is not strictly appropriate . The

results shown in Sections V and VI of this study, in fact, demonstrate

• values of K considerably larger than one. 
-

The effects of a complex index of refraction on the reflection

and refraction of light at a boundary, are such that the basic formulas

P all have been exactly the same form. One need only interpret the

various parameters as being complex. The law of refraction, or Snell ’s

Law becomes
p

fl2 ~~ = n1 sin 01 (2.42)

for the case in whi ch light travel s from a medi a such as air (a = 0) to

P some media where the index of refraction is compl ex (a ~ 0). Since ii~

is complex , the angle , 0t~ 
must also be complex and will henceforth be

denoted as The Fresnel Equations are also effected by a complex

• index of refraction as well as by the complex angle. Looking first at
— 

the reflection coefficients,

— 
fl 2 cos - n1 cos

p P 
= 

fl 2 COS + ~~~, 
cos (2.43)

n1 cos 0. - fl2 C05

‘
~s n 1 cos 0

~ 
+ li 2 cos 

~t 
(2.44)

Since 112 and are now complex , the reflection coefficients and

are also complex. The transmission coefficients also become complex ,

2 n1 cos 0.
• ~P 

= 
flz cos 0~ n1 cos (2.45)

p
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p 2 ii~ cos 8.
= 

n 1 cos 0. + 112 cos 
~t 

(2.46)

The compl ex va lues of the reflec tion and transmiss ion coeffic ients mean
P that the ratio of transmitted or reflected light amplitude to the m ci—

dent light ampl i tude is complex. This means that a phase change occurs

when light is transmitted or reflected from a boundary where one or

both of the media is complex. Now that it is clear that the effects of

conductivity (a ~ 0) can be accounted for by simply understanding the

indices and coefficients to be complex , the notation will be simpl i fied

by dropping the wavy bar over complex quantities ; e.g., 
~~~ 

r~.

A full descri ption of all properties of the light reflected by and

transmitted through a media interface would require determination of
p al l four of the complex Fresnel coeffic ients. Thi s, however , is more

information than can be obtained from ellipsometry alone. The ellip-

sometry procedure described in the next section is able to determine
p 

only the complex number which is the ratio of the complex reflection

coefficients r~ and r5:

• r R A  .~~~

R A  = (tanip)e1 . (2.47)
S 5 P

Wi th an ellipsometer , the angles i~ and ~ can be determined rather
P

easily.

The behavior of light when it reflects from a surface with a thin

fi lm can a lso be predi cted. The boundar ies at both surfaces , air-film

and film-substrate, are involved in this case. The change in li ght due

p

- - - _ -
~~~ — - • - - - -~~

-
~~~~~~~~~~

- - ~~~~~~~ • - -- — -  - •‘• -- ---- -_ —— •- -  --
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to reflec tion can aga in be descr ibed in terms of angles ~ and ~ . It

should be noted that it is the total reflected light which is compared

to the incident light. The quantities ~p and ~ can again be descri bed

• in term’ reflection coefficients , but the coefficients come from two

boundaries and the terms are more compl icated.

For thi s case some light is reflected off the film , but some light

• is transmitted through the film and reflected from the third media and

transmi tted back through the film as illustrated in Fig. (2.3). The

reflected light may be considered to be made up of a series of separate

P beams. The first, reflected at the first boundary , is designati~l as

R 1 and is simply found: -

R 1 = A r01 . (2.48)
P

The rest of the beams are transmitted through the film and reflected at

the next interface. The second beam is the first one transmi tted at

• the thin film - air interface and is designated R2. The other beams

are reflected between the two interfaces until they are transmitted

throuqh the thin film - air interface. These successive beams ,

• designated as R3 , R~, R5 , have a smaller and smaller intensity

depending on the reflection coefficients:

R2 = A t01 r~2t10 e~~
2ô (2.49)

R 3 = A t0 1 r~2r 10 t10 e~~
4
~ . (2.50)

The light beams transmi tted through the thin film are delayed in phase

p 
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p

P

R1 R2 R3

• P

medium 0 0i
(a i r)

P I
no

medi um 1
(film)
n 1 d

medium 2
(substrate)

na

• 
Fig. 2.3 Reflection of Light from Two Boundaries

(Substrate with Film)

p 

~~~~~~~~~~~~~ - _- • - - • - - - - • - - . - -~~~~~- _ _ _
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• by an amount 26 for each pass back and forth through the thin film

because of the extra time needed to travel the extra distance. This

phase delay is eas ily determined to be:

26 = 
4lTd 

- sine O~ (2.51)

where d is the film thickness. The reflection and transmission coef-

p ficients , r and t, above can represent either the parallel or the per-

pendicu lar components. The subscripts on r and t describe the boundary

the light beam hits , for example , t10, is the transmission coefficient

• for light going from medium 1 to medium 0.

The total ampl itude for all reflected light is

R = R 1 + R 2 + R 3 + R 4 + . (2.52)
p

Using the pattern developed in Eqs. (2.49) and (2.50), one can wr ite

R 
______ 

—216 n
• ~~~

= r01 + r10 
Z [r

12 r10 e ] (2.53)

This sum is just a geometric series so that it is trivial to obtain a

• closed form. Also , certain simplifications are possible. From the

explicit expressions shown in Eq. (2.28), one can deduce that

r10 = -r01
P

and

= (1-r 1) . (2.54)
I

p 



_ — - - -~~~ - -- -~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r -

23

p Using Eqs. (2.54) and performing the sum in Eq. (2.53), one obta ins:

R — r01 + r12 e 2
~~A -2161 + r0 1 r12 e

p 
-

For the separate parallel and perpendicular components of the

light , one has:

= 
R5 — r~1 + r~2 e~~

26
r5 A s s - i 26s 1 + r 10 r12 e

(2.56)

r = ..2. = r~1 + r~2 e~~
26

p A~ 1 + r~io rk~2 e
126

so that Eq. (2.47) becomes:

tan ~ e~~ = 
r~1 + r~2 e

12
~~. 1 +  r~0 r~2 e ’26 

. (2. 57)
l + r ~0 r~2e r10 + r12 e

P 
- Eq. (2.57) is the desired connection between the parameters ~ and

~
, determined with the ellipsometer , and the media parameters

• no 1 = index of refraction of air ,

fl f nf (1 + iKf)~ 
(2.58)

• n5 (1 + iK
~
),

and

d film thickness
p

characterizing the film and substrate. Since these media parameters 

- - -
~~~~~~~~~~~~~~-~~~~~~~~~~- — -  --- -~~~~~~~~~~~_
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p enter Eq. (2.57) through expressions of the form given in Eq. (2.28),

it is clear that the relati onship between 4, and ~ and the media para-

meters is ari thmetically rather compl icated. Nevertheless , if only two

of the media parameters are unknown , then measurement of 4, and ~ for a

given angle, e~ permi ts computation of the two unknowns . This

• computati on is accomplished by digital computer.

P There exists a vast collection of literature on the subject of

ellipsometry. The Bibliography attached presents a useful sampling of

this previous work. This literature deals not only wi th the relation-

P ship of the index parameters 
~ 

K~, nf~ Kf and t to the quantities 4,

and ~~, but also with the ali gnment and use of the instrument itself.

The next sec tion relates the va lues of 4, and t~ to the actual method by

P which these parameters are obtained.

p

P

P

p

p

L .  ~~~~~~~~~~~
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p SECTION Ill

TIlE MECHANICS OF ELLIPSOMETRY

The ellipsometer essentially consists of two polari zers and a
p

quarter wave plate . Light is suppl i ed by a HeNe laser and a power

meter is used as a detector.

The light from the laser passes through a collimator to a polar-
p

izer then through the quarter wave plate to the sample. After

reflecting off the sample the light wave passes through the second

polarizer to the detector. Fig. (3.1) gives a schematic representation
P

of the ellipsometer in the plane of incidence. The collimator arm with

its polarizer and quarter wave pl ate is stationary . The telescope arm

wi th its polarizer can be rotated about a center axis. A table on
•

which the sample is to be placed is centered at this axis.

The angl e of the telescope arm can be read di rectly from a scale.

Thi s angle is measured from the co llimator arm as 00 , so that, when

li ght shines straight through from the collimator into the telescope

arm, as in Fig. (3.2), the angle is 180°.

The angle of inci dence, 0
~
, can be found using this angle reading

for a sample centered on the table. The sample table can be tilted to

adjust the sample so the plane of incidence and the plane formed from

the two arms of the ellipsometer are the same.

The polar izers on both the coll imator and telesco pe arms are

mounted on a circle calibrated to .01°. They are set to read 0° when

the electric vector of the light beam is horizontal (in the plane of

25

p
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p

p

Sample

p
Quarter Analyzer

Wave
Plate

olar i zer

P

elesco pe
Collimator

$

Light
Source Detector

P

Fig. 3.1 Schematic Representation of the Ellipsometer
wi th Sample inserted

I

p 

~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~
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p

-
p

P

• J—--i - 043-
Col limator 

~ nua’ ter Tel escope
~~ 

‘
~wa

”e Detector
Light Polari zer Pla”te Analyzer

Source

P

• 
Fi g. 3.2 Schematic Representation of the Ellipsometer with

no Sample for Reflec tion

p

P

P
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P incidence). A quarter wave plate is essentially a flat transparent

window with two axes , in the plane of the window at approximately 90°

to each other, called the fast axi s and the slow axis. For light

P passing through it , the quarter wave plate provides a phase delay of

90° for the portion of the light polarized along the slow axis wi th

respect to the portion of the li ght polarized along the fast axis. The

P direction of polari zation of light is considered to be the direction of

the electri c field vector.

The ellipsometer is used by adjusting the two polarizers so that

P light to the detector is a minimum . This is done by adjusting the com-

bination of the polarizer and quarter wave plate in the collimating arm

so that a delay between the parallel and perpendicular components is

P created which is just opposite that caused from the reflection of light

from the sample. The light reflected from the sample is then linearly

polari zed and by placing the second polarizer at an angle of 90° the

P light can be extinguished .

It is useful to determine the relati onship between the ampl i tudes

and A
~
, defined in Sec ti on II, and the angle P of the polari zer. The

• quarter wave plate is set with the fast axis at an angle of ~ = 45°

wi th respect to the (horizontal ) ray plane. To be specifi c, a unit

vector along the fast axis and one along the slow axis are defined:

êfast ~ + ~~
)
‘

(3.1)
ês l ow - ~(i)~ -

•

• 
- -~~~~— --• _

- —~~~~~~~ -~~~~~~~~~ ~~~~~~-~~~ -~~- - -~~~~~- -~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~ — - - - • - - - - -----
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The polarizer may be set at some arbitrary angle P with respect to the
P

ray plane. A unit vector i dentifying the direction of polarization of

li ght from the polarizer , can be defined:

• 
~po1 

(cosP) ~~( i )  + (sinP) ~~ . 
- (3.2)

The input li ght comes out linearly polarized at angl e P (polarized

parallel to 
~ ol~ 

when it passes through the polarizer. If the magni -
p p

tude of the amplitude of the electri c vector is E0, then the parallel

and perpendicular components , wi th respect to the ray plane , after

passing through the polarizer are (in the notation of Section II):
$

1Cr)t
= E 0 cosP e

(3.3)
-iwtE = E sinP e

• 
S

The light then passes through the quarter wave plate and the components

along the fas t and slow axes become:
P

Efast = E0[cosP cos45° + s inP s in45°] e~~~t

(3.4)
= E0[cosP cosl35° + s inP cos45°]

where ~ is the phase delay from the slow axis with respect to the fast

axis. From these components the paral lel and perpendicular components

• can be projected:

~(i) = A5~ + ~~~~

•

- -..

_ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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P where

= 
~~~~- [(cosP + s inP) + (s i nP - cosP) e~~]e

_ t

- (3.5)
A~ = 

~
/- [(cosP + sinP) — (sinP - cosP) e 3 e ~~

t

If the wave plate is adjusted to be a quarter wave plate for the

• 
wavelength of the laser source, then the del ay ~ is 90° and these

equations can be simpl i fied to:

A = — ~— E  
-1 (wt-P +45°)

~ ~~~~

(3 .6 )

A = .1. E e~~~ t + J~ - 4 50)

p ~~~~

p Eqs. (3.6) give the desired relationship between A~ and A~ and the

angle P of the polarizer.

The angles 4, and t~ introduced in Eq. (2.47) are defined :

• (tan4,)e1~ = R~A 
(3.7)

In order to experi mentally determine 4, and t~, the following strategy

• can be empl oyed. One can vary the angle P of the polarizer until

linea rly polarized light is reflected from the sample. This condition

can be detected when there exists an angle A of the analyzer (the

p second polarizer ) which will completely block the light reflected from

the sample.

Thus , when the detector is “nulled ” to the l owest attainable

p reading, then the light reflected from the sample is linearly polarized.

p

- -  ---



31

p Under these conditions there are only two possibilities for the phase

of R
~
/R
~
:

Phase 0 in which case one can take 
(3.8)

P or 

tamp = and ~ 
= ~~~~ Phase{~~~

~~~~~~~~ 
Phase f~4= ~~~~~ in which case one can take

tamp = - and ~ = -180° + Phase~-
S Ip

p The expressions for tamp shown above are permi tted because 1A S/A~ 
= 1

as shown in Eq. (3.6). Also from Eq. (3.6), ones finds
- 1A ’

~Phase~ ~~~~~~~ 
= -2P + 90° . (3.10)

p L~J
Using Eq. (3.10) in Eqs. (3.8) and (3.9) the two cases may be

expressed

• R R
~ 0, tamp = , and ~ = -2P + 90° (3.11)

or

P R R
~ 0, tan4, = , and ~ = -2P - 90° . (3.12)

Since tne angle A of the analyzer is set at right angles to the plane

P of polarization of the light reflected from the sample , it is easy to

P
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f ind the connec ti on between A and 4, as i llus tra ted in Fi g . (3. 3):

R~ JR~ + R~ cos (A + 900)

• _______ 

(3.13)
R5 ~[R2 + R~ sin(A + 90°)

so that, from either Eq. (3.11) or Eq. (3.12),

P

tamp = 
~~~~~~~~ 

= I - 
~~~~~~ I = I - tanA I (3.14)

Fur thermor e,

= -t nA1 .> Case © pertains if tanA < 0a 

~ 
)~Case ® 

pertains if tanA > 0 . (3.15)

Solutions of Eq. (3.14) for 4, can be restricted so that

- 4, ~ [0,90°] (3.16)

p
with the fol lowing correspondences:

A € [0,90°] ~ Case and 4, = A

• A E [90°,l80°] ~‘Case (~) and 4, = - A

A E [_900 ,0] ~‘Case 
(
~) ar-d 4, = -A

A E [-l80°,-90°] ~‘ Case (1) and 4, = it + A

p
Wi thout restriction , multiples of 360° can be added to or subtracted

from the measure d angle A to bring it into one of t he ran ges cons idere d

In Eqs. (3-17). Similarly, it is clear from Eq. (3.7) that ~ need only

be determined mod 360°. Thus multiples of 360° can be added to and

I

_ _ _ _ _ _ _ _ _  _-~~~~~----• -~~~~~~- - -
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p

p

I(
I

R5 A + 9 0 °
A

:

r 

p

p

p

Fig. 3.3 Relationship of R
~ and R to theAn gle A I’

p 
-

I

p
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p subtracted from the angles ~ determined in Eqs . (3.11) and (3.12).

Thus , the angle ~ may be taken to lie in the range

e [0,360°) . - (3.18)
p

The two cases encountered above ari se because extinction by the

analyzer can be achieved for two different angles P and P’, corres-

p ponding to

[-2P + 90°) = , Case

P and (3.19)

[—2P + 90°] = ~ + it , Case

p It is important to note that when a sample is placed in the

ell ip someter , there are two different sets of angles (P1, A1) and

(P2, A2) that can be determined by the measurement procedure. Either

P A 1 or A2 will have a negative tangent (Case (~
) and the other will

have a positive tangent (Case (j~
). The test shown in Eq. (3.15) is

used to identify which angle set is . Case and whi ch is Case 
~~~~~~~

• The angles 4, and ~ obtained from Eq. (3.14) and the appropriate choice

of Eq. (3.11) or Eq. (3.12) are exactly the same

4, -4 ,• (:.~
) (

~
) 

(3.20)

• in the absence of experimental errors. The use of both angle sets

p 

—~— — — — — _ — — •_ — _ 
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• (P1. A1) and P2, A2) allows , therefore , an exper imental cross check .

Both sets were measured and used in the experimental work described in

the following sections. In the next section an error analysis and

• sensitivity study for ellipsometric data are described.

p

I

p

P

p

•

p

P 
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SECTION TV
AN ERROR ANALYSIS AND SENSITIVITY STUDY FOR ELLIPSOMETRIC PARAMETERS

When using the ellipsometric measurements of 4, and t~ to examine a

film or substrate, it is important to have some idea of how much error

4, and ~ conta in. Also , since both the real and imaginary part of the

refractive index for both the subs trate and fi lm, as well as the fi lm

thickness (denoted by t in this and the following sections) are

dependent upon 4, and ~~, it i s useful to know how much error in these

quantities will result from errors in 4, and t~.

To exam ine the errors in 4, and L~, the equipment used in making the

measurements must be examined. A Gaertner 1-119 ellipsometer was used

for the measurements made for this study. This instrument has two

arms , the collimator and the telescope, both with verticle circles

holding polarizers which can be read to an accuracy of 0.01° and with a

clamp and tangent screw for setting. Mounted on a third circle is a
• Solei l Babinet Compensator which can be adjusted for use as a quarter

wave plate. Centered between the two arms of the ellipsometer is a

sample table which can be rotated and adjusted in height. The colli-

mator arm is fixed and the telescope arm rotates on the same axis as

the sample table. The two arms have height and level adjustments for
al ignment. The angle, 20~ between the two a rms can be read from a

p
dial to 20 seconds of arc .

A prototype detector from Newport Research Corporation was used in

making the measurements. This instrument is sensiti ve to light inten-
• s iti es ranging from 10 ~ to 10 1 watts. The light source was a He-Ne

- 36

p
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p laser operating at a wavelen gth of 6328A. Th is laser was made by

C. W. Radiation, model S-203H, and has a maximum output of lO~ watts .

The alignment of the arms was made so that li ght through the col-

P limator could pass stra i ght through (no reflection) into the telescope

arm and out a pinhole exit. A high quality mi rror surface was then

used to insure that the al i gnment was al so correct for reflec tion into
P the telescope arm for all values of the mirror surface first being

tested to insure that it was perpendicular by reflecting the light beam

back on itsel f from both sides of the mi rror.

P The alignment of the polarizers was done next. When li ght shines

at the Brewster angle on a piece of optically flat glass of index n,

the reflected light is perpendicular to the plane of incidence. At

P this angl e, described by 0
~ 

=

- 
taneB 

= n , (4.1)

P the reflected and transmi tted waves are at right angles to each other

and the reflected wave does not receive any energy for oscillations in

the plane of incidence . By using this property of the Brewster angle ,

• the analyzer, fixed on the telescope arm, will extinguish the light

when it is oriented horizontally (A = 0). The al i gnment of the

analyzer can be accomplished by adjusting the calibrated circle to read

A = 0.00 when the li ght is extinguished. The polarizer on the colli—

mator arm can now be adjusted using the ali gned analyzer to make

adjustments. For this adjustment the arms of the ellipsometer are

placed so the li ght shines straight through and there is no reflection.

P
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p The polari zer angle , P, is set equal to 0.00° when the analyzer angle ,

A , is set to 90.0° and the light is extinguished.

- Once the angles of the analyzer and polar izer are set, the amount

• of error in the alignment can be determined. First, wi thout any sample

to reflect the light , the angle A is set and the angl e P found which

extinguishes the li ght to the detector. The error, c, between the

P setting of the two polari zers can be defined by the relation:

P A +90 ° + c . (4.2)

p For the alignment of the ellipsometer used , this error was determined

to be c = 0.03°. This relation is plotted as Curve 1 in Fig. (4.1).

A mi rror surface was then used to reflect the light to the analy-

P zer. The angle A was set at various angles in the neighborhood of

0.0° and for each value of A the angl e P was found which extinguished

the light. For P equal to exactly 90° and for A equal to exactly 0°,

P the error due to any phase change upon reflection would be zero because

there would be no horizontal component. At angles close to these

val ues (±0.2°) the ampl i tude of the hori zontal component is still very

• small (0.35%) compared to the vertical component and , therefore, any

phase change woul d be negli gible. The data from these meas urements is

also plotted on Fig. (4.1). Curve 2 on this figure is a strai ght line

• lease squares fit to this data . The intersection of the two curves

locates the readings of A and P which actually correspond to 0.0° and

90.0°, respectively. The corrections for A and P so determined were:

p

p 
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P Ac = A + M, t3A = 0.07°
(4.3)

• The corrected angles are used in calculating 4, and t~ and all further

references to A and P will refer to the corrected angles , Ac and P~.

After the polarizers were both aligned , the quarter wave plate was

* inserted and ali gned. The quarter wave plate used is a Soliel Babinet

Compensator. This compensator can be varied in thickness so it can be

used as a quarter wave plate over a wi de range of frequencies. The

quartz used as the retarder in the wave plate is actually in two

pieces. The outer edges are parallel but the cut between the two

pieces is diagonal . The thickness of the quartz can be varied by

• sliding the two pieces of quartz along each other. Fig. (4.2a)shows

the alignment of the quartz pieces. To adjust the wave plate in the

elli psometer, the fast axis of the compensator was first set to an

angle of ~ = 45.0°. To do this, the analyzer was set to 45.00° and the

pol arizer was set to 135.00°. With the fast axis of the compensator

at an angle of approximately 45°, the angle was adjusted for the light

to the detector to be at a minimum. At this point the fast axis scale

was set to read 45.00°.

With the angle scale set for the quarter wave plate, the thickness
p or phase delay, 8, was tuned for a delay of 90°. Leaving the fast axis

at 45°, the polarizer was set at 0.00° and the analyzer at 90.00°, the

light to the detector was then minimi zed by changing the thickness. The
p 

thickness of the quartz was varied over a wide range, giving six

P
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a.

r . 0.20° 

b.

P

p

Fig. 4.2 The Two Pieces of the Compensator Showing
a) the Di rection of Movement for Adjustment

of Thickness
b) the Alignment Error in the Axis
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readings for which the light was at a minimum. At these points the

amounts of delay due to the thickness is an odd multipl e of 180°. The

dial which adjusts the quartz thickness is calibrated in dimensionless

p steps of 0.01 and the spacing between the minimum readings is 6.24.

Assuming the dial to be linea r, the reading for a delay of ±90° could

be calculated by adding 1.56 to any of the readings taken. An error

p of 0.07 on the dial would cause an error of 1.0° in the delay .

The accuracy of the alignment of the compensator can be checked

in several ways. With the thickness set for a 90° delay and the fast

p axis set at 45°,, if the polarizer is set at 0.00° the light passing

through the analyzer to the detector shoul d be at the same intensity

for all settings of the angle A. In this case the light leaving , the

P wave plate is circularly polari zed. The alignment of the fast axis

can also be checked by setting both the polari zer and the compensator

to45.O0°, setting the analyzer to 135.00° and changing the thickness of

• the quartz. If all three elements are aligned there should be no

change in the nulled intensity of the light to the detector. For this

parti cular compensator , however , the two pieces of quartz were slightly

P mi sali gned. The fast axis of the two pieces formed an angle of approxi-

mately 0.200, see Fig. (4.2b). This could be shown by leaving the com-

pensator at 45.0°, setting the polari zer at 135.00°, and adjusting the

P analyzer to minimize the li ght to the detector. The angle A was at

45.09° and the amount of error was +.09° from the theoretica l angl e of

45.00°. Angle A was then reset to 45.00° and the angle Pwas adjusted so

that a minimum intensity was detected. The angl e measuredwas l34.89° so

p
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p that the amount of error was -0.11°. The conclusion was that the

first piece of the compensator is at an angle of 44.89° and the second

piece is at an angle of 45.09° giving the difference between the two

p ‘ pieces as 0.20°.

To find the amount of error this will cause in the calculations of

4, and A , some theoretical calculations were made . A computer program

P written by F. L. McCracken[5] from the National Bureau of Standards was

used in calculations for error analysis as well as in determining 4, and

A from measurements of the angles A and P. Theoretical val ues of A and

P P were determined for a film index of (flf = 1.766, Kf 
= 0) and a sub-

strate index of (n5 = 1.21 and = 5.72), and film thickness varying

from 0 to 600A in increments of b OA. Using these values for A and P,

P the val ues of 4, and A were calcul ated for conpensator angles , c~, of

44.95, 45.0 and 45.05. To check the errors in 4, and A due to an error

in the delay of the wave plate of 0.5°, ca lculati ons we re also done
P using a compensator angle of 45.0° but using the values of 89.5°,

90.0°, and 90.5° for 8. The resul ts of these calculations are shown in

Tables (4.1) through (4.4). Since two sets, (P1, A 1) and (P2, A2), can

• be found for each 4, and A , both sets were used. The averages of the

two values obtained for 4, and A were also calculated and denoted by the

subscript ‘avg t . A computer sensitivity study showed that 4,avg ’ corres-

P ponding to errors in ct by either +0.05° or -0.05°, agreed with the

value of 4, obtained with no error ‘in ~~. These results are shown in

Table (4.1) and illustrate the value of using 4,avg • For an error in ~
• of ±0.5° the average was only a little worse giving an error in the

p
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third decimal place as shown in Table (4.2).

For A , however , the errors were more pronounced. An error in a

of ±0.05° gives an error of ±0.10 for Aavg~ 
and an error of ±.5° in B

p gi ves an error of up to .006° for Aavg • These resul ts are illustrated

in Tables (4.3) and (4.4).

The slight misalignment of the quartz pieces in the compensator,

mentioned above , produced the ambiguity : a = 44.89°, but al so

a = 45.09°. The angle 44.89° was used in the computer code for

analysis of the data. Addit ional checks showed that the 0.20° discre-

pancy would produce negligible errors ~ 4’avg

The errors produced in 4’ and ~ by errors in A and P can be

expressed simply since

P
4, = A ’ or it + A ’

for Case
A = -2P’ — 90°

P

and

-A or it - A

P for Case
A = -2P + 90°

If the amount of error in the angle A is c, then the error in 4’ would

be c if a singl e value of A were used. But if two values of A were

found, say, one corres ponding to A between 0° and 90°, and the other

for A between -90° and 00 then the error is reduced because some

sources of error gi ve cancel ling effec ts. For examp le, an error in the

p 
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zero position of the scale for A will cancel

= (A’ + c)+ L - A + c  - A ’4,avg 2

p
Unfortuantely , an error In the zero position of the scale for P does

not average out for errors in Aavg • If the error in P is 5~ the

amount of error in A can be calculated by
p

— {-2 (P’ +6)-90°} + {- 2 (P+cs)+90°}
avg 2

A = 
A -26 + A’ - 26 

= A - 26p avg 2

— 

The error in A and in Aavg is double that in the measurement of P or P’ .

Another and more critica l source of error arises from the method

in which the sample is ali gned in the ellIpsometer. Although the cal-

cul ations determining the values of 4’ and A from angles A and P do not

depend on the angle of incidence , the use of 4, and A in determining the

val ues of the film thickness or the index of refraction is dependant on

this angle. A smal l angle of inci dence error can cause large errors in

4’ and A. The placement of the sample is critical because an error of

5mm from the center of the table can create an error of 0.5° in the

angle of inci dence, 01. Fig. (4.3) shows the values of 4, and A for a

film with thickness varying from OA to 200A. The film index is again

taken to be (rif = 1.76, K = 0) and the substrate index is = 1.21

(1 + j5.72).

Because this source of error was recognized as the quantity which

woul d most likely limi t the resolution of the ellipsometer , a sys temati

cI
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procedure for al igning eac h sample was used. Pinholes on eac h end of

the telesco pe tube were carefully al igned . If a sample were careful ly

placed at the center of the sampl e table , the reading on the scale for

(2e
~
) would be accurate to ±20 sec of arc. The light woul d then pass

through the center of the pinholes. For a misaligned sample , the

light would not pass straight through the telescope tube, but woul d be
p inclined by an amount 60 as indicated in Fig. (4.4). The maximum angle

of error can be defi ned by the diameter of the pinhole (.2cm) and the

length of the telescope tube (28cm).

6
6 — T — i ,.2cm~ — 0 4°max — 

~~ ‘28cm’ 
—

The error in the angl e of incidence is half thi s value giving a possi-

ble error of ±0.2°. The alignment of a sample was always checked in

two configurations as shown in Fig. (4.4). This procedure served as a

partial doub le chec k on the pinhole alignment, a l so , because the check

in two configurations would be impossible if the pinholes are not well

ali gned .

An added benefit from using this method to align the sample , is

that the sample tilt is also checked. The sample cannot pass this test

if it leans forward or backward more than 0.2°. This tilt can cause an

error in 4’ for the two sets of measurements , but for 4’avg the error is

negligible. The tilt angle also causes an error of less than .010 in

Aavg~
Another source of error, that due to the transmission properties

of the wave plate , has also been exami ned. A transmission difference

p 
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Fig. 4.4 The Two Configurations for Al ignment
of the Sample in the Ellipsometer
Showing the Maximum Error Possible
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I of 5~ between the fast and slow axes woul d caus e l ar ge di scre panc ies

m A  (a bout 5°) between the two sets of measuremen ts at each po int.

The avera ge of these two measuremen ts gi ves a very small error of
p 0.03° in Aavg~ 

The error in 4,avg is also about 0.03°. Since the

max imum di scre pancy in the sets of measureme nts ac tuall y taken was
0.66° for Aavg and .57° for 4,avg ’ any error due to the transmission

P properties of the wave plate would have to be negligible.

The conclus ion drawn from this study of errors is that the error

in the angle of incidence has the largest effect. The angl e of m ci -

$ dence is correct to the accuracy of ±0.2° and the effect of this error

on values of 4’ or A must be examined for the particular set of val ues

given for the film and substrate properties to determine expected

P error bounds.

The prec is ion of the measur ements can be es timated by exam in ing
the da ta. Two se ts of measurem ents , (P1, A 1) and (P2, A2), were use d

• to obtain the values of and iPavg~ 
At each point on the sample ,

the numbers A 1, A2, and Aavg were determined. The maximum discrepancy

in A was 0.66° and the average discrepancy was 0.21°. Thus the average
precision of the procedure for A was ±0.11° to ±0.33°. The max imum
discrepancy in 4, was 0.57° and the average discrepancy was 0.18°. Thus

the average precision of the procedure for ~ was ±0.09° to ±0.29°.

Once some i dea is formed concerning the amount of error in 4’ and

A , it is necessary to relate this error to the error produced in the

index of refra ction and in the f i lm thi ckness. Th i s is done by use of

curves of constant index and thickness plotted against the val ues of 4,
and A .

p  
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p The simples t case to s tudy i s that of a bare subs trate , since

there are only two media parameters determined by 4, and A. These two

var iables are the real par t, ‘
~~ 

and the imaginary part, K5, of the

p index of refraction, where

1 i n 5 (l + iK 5 )

p Fig. (4.5) shows curves of constant n5 and K5 on a 4’ and A plot. It

shoul d be noted that for K
~ 

= 0, there is no phase change upon reflec-

tion and A has a value of 0. As the imaginary part of the index

increases the phase between the reflected parallel and perpendicular

components increases and , thus , the value of A in creases .

Fi g. (4.6) shows the theoretical values of 4’ and A for a film of

• fl1 
= 1.6, Kf = 0 on a su bstrate of n5 = 1.21 wi th no abso:ption. The

thickness varies from 0 to 27001%. At a thickness of 23811% the curve

closes and starte repeating, this happens because the film thickness

P produces in a phase shift of 360° at this point. For a film with no

absorption the amplitude and phase woul d be the same at the surface for

a phase shift of any number of complete cycles. The thickness of any

P film to cause a full 360° phase shift can be calculated as:

A 0 — 
_ _ _ _ _ _ _

c 
—

- 2n cos {arcsin (sino 1/n)} 
— 2 /n~ - sin~e~

I
This thickness is a function of the wavel ength of the light A 0, the

film index n , and the angle of incidence 01.
F ig. (4.7)  shows a fam i ly of curves genera ted by var ying the fi lm

P 
thickness, t. These curves are for the film index , fl f, varying from

P
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p 1.1 to 1.8. The substrate is the same as in the previous figure . It

can be noted that as the film index approaches the substrate index the

curve formed becomes smaller and at the point where nf = n5 only a

single point is found. This point can be compared to a point wi th the

same 4’ and A in Fig. (4.5), and it can be noted that this is the value

for a bare substrate wi th that index.

Using a film index of flf = 1.766 and the real part of the sub- H
strate index to be = 1.21 , the imaginary part of the substrate K5 

-
j

was increased from 0.0 to 5.72. Fi g. (4.8) shows thickness curves

corresponding to this range of K5 . All of the thickness curves are

cyclic. The zero thickness trajectory as a function of K5 is traced

by the dotted curve.

Since the material used in this study has a substrate of al uminum ,

Fig. (4.9) shows a family of curves wi th the film index changing from

1.1 to 1.8 on a substrate of n5 = 1.21 and K
~ 

= 5.72, values similar to - 
-

aluminum.

Fig. (4.10) shows the change in the curves . As the real part of

the substrate index , n5, is varied from 1.0 to 2.0. The imaginary

It part of the substrate index , K5 = 5.72, and the film index , flf = 1.766,

are constant. Using Figs . (4.8) and (4.10), it can be seen that a

small error in the values assumed for real and imaginary part of the

substrate index will not cause a large shift in the values determined

for the film index and thickness.

When the film over the substrate becomes absorpti ve , the curves

are no longer cyclic. Fig. (4.11) shows the curves formed by varying

p
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p the thickness of the film on a substrate of aluminum. The real part

of the film , flf = 1.76, is constant, but the imaginary part, Kf~ IS

considered for the three values : 0.0, 0.02, and 0.2. The curve formed

p with Kf = 0.2 is shown as the thickness gets large . As this happens ,

enough light is absorbed that the reflected light sees only the film

and the values of 4, and A approach those for a substrate wi th the index

P of the film. This point can be compared with the substrate value in

the enlarged view in Fig. (4.12).

Since the cu rves formed from a smal ler imagi nary va l ue , Kf 0.02,

do not change as fast as for Kf = 0.2, they were not plotted for larger

values of the thickness . At a much thi cker f i lm , these curv es also

approa ch the 
~
p and A values of a substrate with the index of the film.

• Now that the various sources of error and parameter sensitivities

have been explored, the general descri ption of the research tool used

in this study is complete. - In the next section , the use of ellipso-

P metry for the study of oxi de films on pure aluminum will be described .

Because such films have certain unpleasant properties , cer ta in

stra tegies mus t be develo ped in or der to gain useful resul ts from
P ell ipsometry. The strategies of the method are generalized even more

in Section VI in an attempt to use ellipsometry to study oxide layers

on Aiclad .

-_
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P SECTION V

A STUDY OF OXIDE FILMS ON PURE ALUMINUM

In order to attempt to develop a method for measuring the thick-

ness of oxide films on the rough surfaces of alciad materials , oxide

films were studied first on optically flat surfaces of pure aluminum.

Samples of optically flat fused silica covered with an evaporated film

of 99.999% pure aluminum were used for this study. In air an oxide

film grows very fast on a bare aluminum surface. R. W. Fane and

W. E. J. Neal [6] have monitored changes of A over a period of 100 hours .

The results are given in Fig. 5.1 and show a linear relationship be-

tween the change in A and the log of time . A change in the value of A

by 100 minutes corresponds approximately to a 12A change in thickness.

They also determined that the final thickness of the oxide film was be-

tween 40 and 55A depending on the initial state of oxidation , time of

ex posure, and humidity .

J. H. Hal ford, F. K. Chin, and J. E. Norman [7] state that this

oxide layer grow s slowly in a vacuum, but accelera tes when exposed to

air. They estimate the asymptotic thickness to lie between 40 and 50A .

Exposure of the oxide layer to 02 or moist acce lerates the growth.

M. 3. Digman [8] studied the oxide growth at the elevated

• 
temperatures of 250°, 350° and 450°C. The films were heated and at

interva ls the barrier voltage was measured. The barr ier vol tage is

proportional to the oxide thickness. Table 5.1 shows the results . The

lowest temperature , 250°C, produced a small change over a 600 hour

65
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p

TABLE 5.1

RELATIONSHIP OF HEATING TEMPERATURE AND TINE
AS RELATED TO THE BARRIER VOLTAGE

Oxidation Barrier
Temp. Time, Hr Voltage

- • 
(per cent)

0.0667 1.78
0.25 2.20

1.0 2.47
450°C 4 3.29

16 3.66
24 2.89

1.0 1.70
4 2.04

350°C 16 .234
- 

64 2.83
256 3.36

1.0 1.33
5 1.62

• 
- 

250°C 24 1.75
120 2.02
600 2.37

This data was taken from Dignam[8]

It
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It period, wh i le for the higher temperatures the change over sma l ler

peri ods was greater. At 450°C after 24 hours there is a sudden

decrease in the barrier voltage . This is due to a change in the oxide

structure. Films formed on al uminum below 500°C are either amorphous

material or material composed of extremely small crystals. At higher

temperatures ganina al umi na crystallites are formed. No evidence of the

crystallites were found for oxidation periods up to 256 hours at 350°C.

Digman also studi ed samples anodi cally oxidized and annealed at 450°C

and found them to have the same conduction properties as the sampl es

‘ with the oxide grown in the 250° to 450°C range. He concluded that the

film structures were apparently the same. The oxide film formed on

aluminum is transparent and has a refractive index of 1.65.

P In this study the samples were heated in an oven to 350°C and kept

at this temperature for a period of time of, typically, two hours. The

samples were allowed to cool overnight before the surface was examined

It with an ellipsometer.

The first sample studied , Samp le A, had a 1OKA layer of aluminum.

Fi ve different points on the sample were marked so that measurements

could be made at the same spot each time. These five spots were num-

bered 1 , 2, 3, 4, 5 for reference purposes. The sample was heated 16

times and Table 5.2 shows the measurements made prior to the first

• heating and after each successive heating. The number of hours shown

in Col umn 1 is the total number of hours at 350°C, but exc ludes the

heat up and cool down time. For each spot on the sample this data was

plotted , showing that the consecutive measurements generate a A vs. 4’

I
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p curve . These data , shown in Fi gs. (5.2) - (5.6), all follow approximate-

ly the same trajectory.

Another sample , Sampl e B, wi th a 500~ film of aluminum was also
It tested. This sample also was vacuum deposited, but was covered with a

layer of collodion to prevent oxidation of the aluminum. After re-

moving the col l odion , measurements were taken wi th the ellipsometer.

The sample was then heated twice with measurements being taken after

each heating at two distinct spots , a and b , on the sample. Fig. (5.7)

shows these data in relation to those taken at Point 1 on Sampl e A

(from Fig. (5.2)).

A study was then undertaken in an attempt to relate the values of

4, and ~ on these curves to the index of refraction of both the sub-

strate and film and to the film thickness. Fig. (4.9) in Section IV

shows curves for a substrate i ndex in the range of aluminum for

varying thickness and film index. Fig. (5.8) shows an enlarged view

• for the same substrate index , but with film thickness between 0 and

350A . The combined data for the five spots on Sampl e A and the two

spots on Sample B are shown on the figure. The change in the film in-

dex between 1.6 and 1.7 has a negligible effect on the curve fit.

Comparison of the curve to the measured data shows that the measure-

ments lie farther and farther to the left as the thickness increases .

It An effort was made to fit a curve to the data by assuming that the film

had an effective index that was complex . The assi gnment of such a corn-

plex index can be motivated as follows . Since a rough surface scatters

some of the light , the li ght detected from the reflection is reduced

P 
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— P by the loss. The extinction coefficient , Kf~ is a term accounting for

light absorbed in the material and , therefore, not re flec ted . Thus ,

it may be reasonable to treat scattering losses effectively as absorp-

It tion losses, Fig. (5.9) shows a curve superimposed over the data ,

using a film index of flf 
= 1.65 (1 + jO.06). The substrate index for

this curve was 1.15 (1 + j5.75). This curve fits the data much better,

but the data and the curve tend to bow in opposite directions . An

effort to make a better match involved making the imaginary part of

the film index directly related to the film thickness. Fi g. (5.10)

shows two curves using the model

Kf = (0.01) 
~~f r (5.1)

where t is the oxi de film thickness in A. The substrate indices for

these two curves are 1.15 (1 + j5.45), as in Fig. (5.9), for one and

1.65(1 +J4.75) for the other. For the 1.15 (1 + j5.45) case the

standard deviation of the sample data was evaluated for the fixed

va l ue Kf = 0.06, used in Fi g. (5.9), and for the Kf model of Eq. (5.1)

shown in Fig. (5.10). The deviation was 3.39 for the curve empl oying

It Kf = 0.06 and was 2.07 for the curve based on the Kf-th ickness model of

Eq. (5.1). The arbitrary unit of these standard deviations was 1/20 of

an inch . These calculations show that the curve in which the absorp-

tion term, K
~
, varies matches the data much better.

C. A. Fenstermaker and F. L. McCrackin{9] have constructed

theoretical models for errors in ellipsometric measurements due to
ft surface roughness. They modelled surfaces as square ridges , triangular

r idges , and pyramids of equal height and width . The size of this

4
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p roughness was vari ed from 0 to 500A. The model was applied to several

materials wi th the true, complex , indices of refraction as given below:

Mater ial n K
a

glass 1.50 0.0

silicon 4.05 0.0068

chrome 3.00 1.4
It

mercury 1.485 3.061

gold 0.35 7.0

silver 0.18 19.0

S ince the true index of glass has no absor pti on , it is assumed

that this most nearly resembles the aluminum oxide . Therefore, it is

these resul ts which would be interesting for this case. Fig. (5.11)

shows the calcula ted changes in n and K for glass due to ~urface rough-

ness obtained by Fens termaker and McCrac ki n. The apparen t va lue for

• the real part of the index changes very little , but the apparent value

of K increases significantly wi th surface roughness.

Since the aluminum oxide layer would tend to grow unevenly, one

P might expect the surface to become rougher as the thickness increases.

The resul ts of Fens termaker and McCra cki n do s how an incr ease in Kf
as the film thickness increases. Fig. (5.10) confirms , for this case,

) that the roughness (as measured by t) appears to increase the effective

value of the extinction coefficient, Kf.
As the two curves in Fig. (5.10) illustrate, various pairs (n5 ,

K
~
) can be used to achieve a good fit to the data, using the
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p K-thickness model of Eq. (5.1). Curves resulting from other suitable

index choices are shown in Fig. (5.12). This lack of uniqueness could

be resolved if the actual film thickness were known. As shown in

Fig. (5.12), the thicknes s scales, t, on the curves for di fferent

(n 5, K~) are pairs are quite different.

Pre v ious determ inations of the su bstrate refrac ti ve index for pure

al uminum with thin films show a wide range of variation .[6.7,l0,lI] Some

of the values found for the substrate refractive index in the last

twenty-five years are shown in Fig. (5•13)•t In this figure the real

part n5 is shown plotted against the extinction coefficient K5. The

curve marked A in Fig. (5.13) gives the locus of index values which

fit the data of the present study when the fixed value Kf = 0.06 is

used , as in Fig. (5.9). The curve marked B in Fig. (5.13), on the

other hand , gives the locus of index values which fit the data when the

model of Eq. (5.1) is used , as in Figs . (5.10) and (5.12). Curve B

is specified by the linear relation

K5 
= 7.175 - . (5.2)

It may be seen that Curve B provides a nice fit to the wi dely

scattered determinations by other workers. That Curve B gives a good

fit to this data has two important consequences. First, this fit gives

P

tThe point marked F on the figure is only an estimate made for 6328A
light, based on the work of Fane and Neal [6] done at a wavelength of
5490A. The estimate was made using the trend of the data wi th A deter-
mi ned by Hass and Waylonls.[ll] 
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p an independent indication that the model of Eq. (5.1) may , indeed be

very suitable for the oxide films on pure aluminum. Secondly, Curve B

offers a way of reconciling the scattered results of previous workers.

• The missing piece of data, at least in the present study, that makes it

difficult to determine which point on Curve B should be taken, Is know-

ledge of the actual thickness of any of the oxide layers corresponding

• to the data shown in Fi gs. (5.9) and (5.10). It may be supposed,

therefore, that this same parameter, t, is responsible for the varia-

tion in the results of other workers.

• In the present study, no independent measurement was made of the

actual thickness of the oxide layer on any of the samples. Therefore,

it is necessary to use thickness data obtained by other workers for

calibration. Because it is extremely di fficult to determine the actual

thickness of the oxide layer on aluminum substrates and because the

thickness is subject to variations based upon the sample history, there

is disagreement in the available literature. Nevertheless, certa in

limiting values can be presumed with reasonably good reliability and

such l imits can be used, in conjunction wi th the results shown in

• Fig. (5.13), to deduce a l ikely thickness scale for the data obtained

in this study. The strategy used for the calibration will be explained

below.

The data for Sample A and Sample B shown in Fi g. (5.7) appear to

be mutually consistent so that the data has been combined into a single

set for the succeeding figures and for conclus ions, such as Eqs. (5.1)

• and (5.2) based upon those figures. The fact that the histories of 
thep
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two samples was qui te different will now be used to determine the

thickness scale. Such a procedure can only be justified by the mutual

consistency evidenced in Fig. (5.7): a singl e smooth trajectory can be

passed through the data.

Al though Sample A and Sample B were prepared simi larly, Sample A

had been exposed to the a ir for wel l over a year , whereas Sample B was

measured within four hours of removal of the collodion . Thus it Is

reasonable to expect that the layer on Sample A had reached the asymp-

totic thickness of 40 to 55A. Although this asymptotic thickness can-

not be stated wi th great precision , many workers have determined it to

lie in this range. [6 and 7] The layer thickness on Sample B, on the

other hand , should be much thinner and its value can be estimated from
$ 

the results obtained by Fane and Neal[6] shown in Fig. (5.1).

The results shown in this figure allow estimation of &A as a

function of growth time of the oxide layer, and show a value of

~ 100 minutes of angl e at four hours . The resul ts of the various

studies shown in Fig. (5.12) can then be used to relate ~ to layer

thickness. Using the theoretical thickness scales shown on the figure,
S

variations in ~ can be read from the vertical axis corresponding to

thickness values from 50A to iooA . The results for the six curves

shown are ( in Aiioo minutes of angle in ~):
0

10.62 , 10.55 , 10.75 , 10.82 , 11.11, and 11.33 .

The average of these results is
0

10.9 A/100 minutes.

p
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p Thus the thickness can be estimated for Sample B:

t 
~ 

(~~)(&~) ~ (10.9 A/lOG min)(lO0 m m )  io.gA

at four hours of growth time.

In Fig. (5.14) the theoretical film thickness is shown versus ~
for the two extreme index values marked by ci rcles on Curve B of

• Fig. (5.13):

= 1.65(1 + j4.70) and

= 1.05(1 + j5.56)

These extreme values of the index encompass the wide variation found by

previous workers in the field. One can see, directly in Fig. (5.14),

the range of possible value of t corresponding to a given val ue of t~.

The two limiting cases discussed above for Samples A and B before

heating are also marked on Fig. (5.14) as rectangular regions:

Sample A. age: over a year
thickness: asymptotic, 40 to 55A
~ val ues: five, corresponding to Spots 1-5

Sample B. age: four hours
thickness: less than l2A , approximately lO.9A
~ val ues: two, corresponding to Spots a and b.

0 
The rectangular regions shown in Fig. (5.14) barely intersect the

band defined by the index extremes shown. The third curve in the

figure, corresponding to

P = 1.08(1 + j5.555) 
(5.3)p
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was selected as a compromise between the index data found In this study

(and by previous workers) and thickness data obtained from other

workers. The point from Eq. (5.3) is shown as a square on Curve B in

Fig. (5.13).

The full model for oxide layers on pure aluminum, developed in the

present study, is summarized by Eqs. (5.1), (5.2), and (5.3). The

thickness curve corresponding to this model is shown on the i~, ~ plot

of Fig. (5.15). All of the data obtained by heating Samples A and B

is shown on this curve.

The justification given above for the model deduced for oxide

layers on pure aluminum is certainly vulnerable to errors. Based upon

the intersection of the rectangles shown in Fig. (5.14) with the index

band, one might claim an uncertainty in t ranging from

t + 7.5A to t - 15A . (5.4)

On the other hand , one might wish to recognize the extremely conserva-

tive error estimates which result from the entire band of index

uncertainty. Such an error bound would vary with ~ and woul d range

• from

t at t~ = 1300

p to (5.5)

at ~~= 11 0~

P

p
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Granted the possibility of absolute error in the construction of

the model of thi s study, it i s also of some interest to apply some

significance test to the theory. This is , after all , a rather presump-

tive theory, presuming that a single parameter t, def ining an effective

thickness according to the single curve shown in Fig. (5.15) can use-

ful ly characterize the ~p, ~ resul ts of the somewhat rough oxide fi lms

grown on pure aluminum substrates.

In order to make a crude s igni ficance test of the model , the
following procedure was followed , leading to the definition of a statis-

tical parameter: 
~
Stmodel~ Referring to Fig. (5.15) presume that some

origin is selected on the p, ~ plot at ~
p0 around 410 or 42° and

larger than the value of the oA point of the thickness curve . Call the

origin selected 0. The exact location of 0 will not matter to this

test in first order.

Now , any point on the theory curve can be located by its distance
p

r
~
(t
~
)

from 0, where t is the value of the thi ckness scale reading at the
p C

selected point on the curve . The distance r
~ 

can be measured in any
units , say inches , because its only relevant property is that r

~
(t
~
) is

a monotonically increasing function of t . Because of the monotonicity ,
C

one may speak instead of the function t
~
(r
~
). Similarly, the i th data

point on Fig. (5.15) can be measured at a distance r1 from 0. A per-

pendicular projection of the data point onto the closest point of the
P

theory curve then defines a thickness reading t.~ which can 

bep
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associated with rj to give the parametrization

ri (tj) or t1(r~
)

p for each data point.

The curve in Fig. (5.16) shows t
~
(r) with r

~ 
in inches , measured

from an or i gin , 0, located at (~ , ~ ) 
= (41.5°, 155°). Also shown in

p the figure are all of the points t~(r1) obtained from the data shown

in Fig. (5.15). The data points in Fig. (5.16) are then bounded by

drawing two curves t
~
(r
~
) and Tt(r~

), upper and lower data bounds ,

p respectively. In order now to measure the signifi cance of the theory

wi th respect to the data, the parameter r
~ 

can be eliminated graphical-

ly and one can obtain t~ and t~ as functions of t~. Then the

difference

âttheory(tc) tu(tc) 
- t1(t

~
) (5.6)

p may be obtained as a function of t~. This difference is shown in

Fig. (5.17), expressed in A. it must be stressed that the quanti ty

defined in Eq. (5.6) is not an error in the usual sense of error

P analysis, but is , rather, a measure of the relevance of the theory to

the data supporting it. This theory significance measure is expressed

in simply to offer some perspective to the measure. The results

I shown in Fig. (5.17) have only the qualitative interpretation that the

theory is reasonably well matched to the data. Another theory curve

tested in the same way against the same data mi ght have revealed

P considerably larger values of 6ttheory and , therefore, mi ght be judged
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to be a less signifi cant theory. Also , the width of the “theory error

band” shown in Fig. (5.17) might indicate a systematic increase as,

say, t~ increased. Such behavior would offer the qualitative sugges-

tion that the theory begins to fail for large t~.

As one examines Fig. (5.15), it may be noticed that there is a

systematic error in the fit to the data: for large A the data tends to

be to the right of the curve ; for small A the data tends to be to the

left of the curve. it is obvious , therefore, that a better curve fit

could be achieved. The 6ttheory test proposed above woul d , however,

give about the same results for a better curve fit. Goodness of data

fit is measured by quantities such as RMS deviation of the data from

the curve. The 
~
Sttheory test is intended to try to measure another

p feature of the theory: is it a useful way to parametrize the data?

Although a better curve fit is obviously possible , there is not a large

enough data base in the present study to justify additional tuning. It

p does appear, however, that the strategy of the theory is meaningful .

Because of the reasonably complex method used to determine the

various effecti ve parameters which characterize the media , it is useful

p to note the sensitivity of the thickness parameter to the various

parameters . In Figs. (5.18), (5.19), and (5.20) the model curve ,

corresponding to Eqs. (5.1) to (5.3), is show n together with nearby

P curves that would resul t if one of the media parameters were to be

charged slightly. In Fig. (5.18) variations in Kf are illustrated by

modifying Eq. (5.1) to:

P K1 = (O.0l)~~ ± 0.01

p 
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100

p to obtain the two additional curves.

In Fig. (5.19) the nominal value of 5.555 for K5 is varied to 6.0

and 5.0 for comparison . Fig. (5.20) shows four additional va l ues for

r~ along with the nominal value of 1.08. The parameter nf is not

illus trated here, because it was arbitrarily locked at 1.65 for the

present study. Al though A is slightly sensitive to flf~ the parameter

• nf enters in such a way that the conclusions of this study are

relatively insensitive to this parameter.

The sensitivity resul ts illustrated in Figs . (5.18) to (5.20) may

$ be summarized in terms of the partial deri vatives of A, ~, and t listed
in Tables (5.2), (5.3), and (5.4). Variation of the incidence angle e.~,
about the nomi nal value of 700, is illustrated in Fig. (5.21) by

P nominal media parameter curves of

O.
~ 
=70° ± 0.2°

P Partial derivati ves of A and ~ with respect to 0.~. evaluated from

these results, are listed in Table (5.5). Corresponding partial

derivatives of t with respect to e~ 
may be obtained by conting resu1ts

P from Table (5.3) and Table (5.6):

&p óA

P To use the model shown in Fig. (5.15) a data point is projected in

a perpendicular fashion to the closest point on the theory curve and

the corresponding value of t is then obtained from the scale on the

theory curve . In a sense, errors due to medi a parameters, ali gnmen

tp
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TABLE 5.3

P SENSITIVITY OF THICKNESS TO A AND 1~

P Range of t (A) ~~ 
(b-) ~ 4-)

0 - 50 3.02 6.35

1 50 - 100 1.43 6.78

100 - 150 0 7.27

150 - 200 1.96 7.84

200 - 250 5.55 8.89

250 - 300 6.83 9.76

300 — 350 9.72 11 .11

P

P

p

p

p

-—-

~
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P

TABLE 5.4

p SENSITIVITY OF A TO K
~
, ‘

~~ 
AND K1

Val ue of t 
____ ____ ____ 

ót
$ (A) aK 5 6n~ óKf ~SA

0 6.84 37.32 0 6.35

50 6.48 35.34 .4 6.57

100 6.10 33.18 1.2 7.03

150 5.69 30.94 2.3 7.56
- 

200 5.28 28.66 3.75 8.37

250 4.87 26.38 5.3 9.33

- 

300 4.46 7.05 10.44

350 4.06 9.25

$

p

P

p

- ~~~~—-
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TABLE 5.5

P SENSITIVITY OF ~ TO 
~~~~ ~ 

AND K1

Va lu~~of t 64i 
____ ____ 

a
I (A)  6K5 6n5 6K1 6*

0 1.03 2.12 0 3.02

50 .95 1.90 5.05 2.23

100 .87 1.68 9.6 .715

150 .79 1.46 13.75 .98

200 .71 1.24 17.25 3.76

• 250 .64 1.02 20.2 6.19

300 .54 22.45 8.28

350 .45 - 24.0

p

p

P

p 

— --.~~ --- - - - - -
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TABLE 5.6

P SENSITIVITY OF THICKNESS TO

Value of t(A)

0 .15 2.47

O 50 .12 2.78

100 .10 3.03

150 .078 3.21

• 200 .055 3.34

250 .0375 3.42

300 .0175 3.47

P 350 .0025 3.49

p

p

p

P 
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P errors , and the random errors arising in the taking of the data have
already been incorporated into the model developed in Eqs. (5.1) to

(5.3). Thus, It is not possible to untangle expected errors more

P accurately than the large and small error estimates made in Eqs. (5.5)

and (5.4), respectively.

a

•

P

•1,

ITT~~~~T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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P SECTION VI

A STUDY OF OXIDE FILMS ON ALCLAD ALLOY

Once the procedure for the ideal, pure aluminum surfaces ,
P

• described in Section V , was developed , measurements were attempted for

the more diff icult case of alciad aluminum alloy. The intention was to
attempt to develop a method for us ing ell ipsometric measurements to

p
characteri ze suc h rough surfaces . It i s of cons iderable interest to
determine the impact of surface roughness on the values of and as

determined by ellipsometry and to attempt to determine the effective

thickness of the ox ide layer.

Alc lad 2024 , the best known and most widely used aircraft alloy,

was used for the ellipsometric measurements . This aiclad has a core of

alloy 2024 with copper as the principal alloying element. The elements

in this alloy are:

• .50% Silicon
.5% Iron
3.8 - 4.9% Copper
.30 - .9% Manganese

• .1% Chromium
.25% Zinc
.15% Titan ium
.15% Other
remainder Aluminum

The core is covered on both sides with a cladding of alloy 1230. The

minimum thickness of the cladding is 2% of the total thickness per s ide.

107
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p The cladding is composed of a minimum of 99.3% aluminum wi th other

elements being

.7% Silicon and Iron

.10% Copper

.05% Manganese

.1% Zinc

.05% Other elements
p

The thickness of the aiclad used was approximately .04 inches . The

alciad is solution heat-treated at 493°C and then worked cold to

improve strength.

As had been done with the pure aluminum samples , it was decided to

heat the aiclad samples over and over, determining the parameters * and
P A after each heating. In this way a data trajectory can be established

on a i~~, A pl ot and selection of effective parameters to fit the data

can be attempted. The melting range of alclad is between 502° and

P 638°C so that a heating temperature of 350°C was again selected . After

initial warmup, the samples were held at 350°C for two hours and then

allowed to cool .

On the first sample, Sample 1, four spots, a, b, c, and d, were

marked. The measurements for 4i and A were made at these points , then

the sample was heated four t imes with measurements made after each

heating. Data points for spots a, b , c, and d are given subscri pts

0, 1 , 2, 3, 4, denoting the number of times the sample had been heated

before the measurement. After the first heating, the measured val ue
p for A increased for three of the points . Further heating did decrease
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p the measured A as expected from experience with the optically flat

aluminum samples. As shown in Fig. (6.1) the data from the measure-

ments are scattered over a much wider range than was found for aluminum

p samples in the previous section , al though, as the sampl es are heated

more times, they tend to develop parallel trajectories of successively

decreasing A.

p Carefu l examin ation of the alcla d show s very sha ll ow grooves in • 
-

the surface: rolling grain marks left from the rollers used in manu- •

facturi ng. Measurements made with these lines vertical , designated as

• a 90° sample angle, result in the light shining across these grooves

and the surface, perhaps , appears to the light to be rougher. Measure—

ments made wi th these grooves horizonta l , designated as 0° sample angle ,

P effectively appear to be a smoother surface. In a sense, the grooves

generate a family of parallel smoother surfaces. Measurements were

taken from two different samples to find if, indeed , the sample angle

• has any effect on the values of 1~ and A. The measurements from

Sampl e 2, Fig. (6.2) were taken at two spots, a and b. Measurements at

each spot were taken at both 0° and 90° sample angles before heating

• and after three successive heatings . Again , subscr i pts are used to

indicate the number of heating cycles . The data for the smoother sur-

face , 0° sample angl e, has larger values of 
~~~ 

although the trajectory

• for a given point on the sample follows a similar path for both the

0° and 90° angles.

Measurements from a thi rd piece of aiclad , Sample 3, gave results

similar to those for Sample 2. These data are shown in Fig. (6.3). A

P
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P shift of both the 90° sample angle trajectory and the 0° sample angle

trajectory to the right (larger val ues of *) for Sample 3 with respect
to Sample 2 can be observed by comparing Figs . (6.2) and (6.3). From

P the work of Section V. the shift to larger 14) is known to be correlated

with a smaller effective roughness. As a matter of fact, the surface

of Sample 3 looked smoother and sh inier than the surface of Sample 2.

• At a single point on a sample the thickness is obv iously the same

whether measured at a sample angle of 0° or at a sample angle of 90°.

Using the measurements taken at angles of 0 and 90° for each point on

O the two samples, l ines of constant thickness can be drawn. The results

are shown in Figs . (6.4) and (6.5). Using the trajectories formed from

the data taken after consecutive heatings , shown in Figs. (6.2) and

• (6.3), and the lines of constant thickness, from Figs . (6.4) and (6.5),

an attempt was made to fit a theory curve to the measured data.

• The first attempts in fitting a curve to the alciad data involved

• the variation of only one parameter from the set used for the optically

flat samples of aluminum. The fi rst parameter varied was n5 while

K5 5.555, flf = 1.65 and Kf (.Ol )~~~were kept fixed. The value of

was varied from 0.6 to 1.08 and the curves of constant thickness for

this variation of are shown in Fig. (6.6). Also shown in Fig. (6.6)

are data measured at spot a of aiclad Sample 3. Comparison of the cal-

culated curves with the measured data from Sample 3 shows that the

slo pe of the calcula ted cons tant thickness lines are much steeper than

the constant thickness lines for the measured data.

Next, the parameter K5 was varied while n~ was returned to ‘1.08.

p
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p The range for which K5 varied was from 1 .45 to 1 .60. The curves

produced from this variation are shown in Fig. (6.7) along with the

data from spot a of Sample 3. Compari son with the data of the constant

p thickness lines produced from variations of K5 shows that these theore-

tical curves are also too steep to fit the data.

A combination using both K5 and n~ was then tried. By judging the
- 

p behavior of the curves in Figs . (6.6) and (6.7) and by experimenting

-• 
with the parameter dependence of the curves, the following model was

devised:

P
= 9.75 - 4.77n5 + 0.505n~ . (6.1)

Curves based upon this relationship are shown in Fig. (6.8). Aga in

compar i son can be made to the data taken from spot a of Sample 3. The

slope of the constant thickness lines for the theory curves and the

data do agree, but the trajectories of increasing oxide thickness do

P not follow the lines of constant n5.

In Section V, a change in Kf was used to correct for variation be-.

tween the theory and the data. The change was made to correct for

P surface roughness and K1 was var ied as a function of thickness:

Kf 
= (0.Ol )~~- . (6.2)

• This same form of Kf as a function of t was used for the curves in

Fig. (6.8).

It might be assumed that the roughness of the oxide l ayer growth

P responds to Increases In the substrate roughness. A way, therefore ,

p 
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P to improve the curve f it migh t be to increase Kf in response , not onl y

to t, but, also , in response to substrate roughness as measured by K5 .

However, since Eq. (6.1) models K5 as a function of n5, it is equiva-

P lent to assign Kf a dependence on n5 as wel l as t. In this spirit , the

fol lowing model was tried:

• 
Kf = (O.Ol )~~~n5 . (6.3)

The curves displ ayed in Fig. (6.9) correspond to the same case

shown in Fig. (6.8) except that Eq. (6.3) is used to describe Kf. The

data from both spots on Sample 3 are shown for comparison. The data

measured from Sample 2 are shown with the same theory curves in

Fig. (6.10). The curves shown in Figs . (6.9) and (6.10) are obtained

by letting n
~ 

vary from 1.08 to 2.2 while K5 and Kf vary as functions

of n5 according to Eqs . (6.1) and (6.3). F ig. (6. 11) shows the func-

tions K5 and K1 defined by Eqs . (6.1) and (6.3).

Again reference is made to the work of Fenstermaker and

McCracken [9] showing the theoretical change of 
~~ 

and K5 as a surface

of gold or silver increases in roughness. Their results, reproduced in

Fig. (6.12) shows an increase in n5 and a decrease in K~ 
as the surface

roughness increased. As evidenced in Fig. (6.11), this is the type and

di rection of the variations used in fitting the present data of aiclad.

Now that a model for the parameter behavior for oxide films on

alciad has been selected to fit the data trajectories, certain obser-

vations can be made. First, it does appear that the thickness of oxide

layers on aluminum can be measured with e1’Iipsometry , provided that

p
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attention is gi ven to the sample angle. As is evident in Fig. (6.9),

for Sampl e 2 the effective n5 for a 900 sample angle differs from the

effective n5 for a 00 sample angle by about 0.4. A similar difference

• is found for Sample 3 in Fig. (6.10). One notices a larger average

val ue of n5 for Sample 2, the one appearing rougher to the eye.

As originally anticipated , the sampl e angle of 900 is shown , by

• Figs. (6.9) and (6.10), to correspond to a greater roughness assign-

ment (larger value of n
~
) than the sample angle of 0°. This conclusion

was tested at intermediate sample angles for both Samples 2 and 3. The

resul ts, shown in Fig. (6.13), indicate that one can almost use the

ellipsometri cally determined value of to detect the sample orienta-

tion angl e, if the average value of n~ is known for the sample.

The results in Fig. (6.13) were taken after Sampl es 2 and 3 had

been heated thrr.~ times for a total of six hours . The same effect was

examined on a fresh , unheated , sample of alclad and the results are

shown for two points on the sampl e in Fig. (6.14).

In conclus ion, it appears that the method empl oyed in this study,

using data trajectories obtained by repeatedly heating samples to

deduce parameter interrelationships , shows great promise for ellipso-

metric work for rough films on both smooth and rough substrates. The

measurements do indi cate that index parameters change in an orderly

way that can be predicted as functions o~ thickness and surface rough-

ness. Additional work will be required to test the specific parameter

relationships found in this work.
P
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